This enhances the ability to fabricate functional particles using an emulsion-templated approach.
3
to the working fluid in a microchannel can enhance the energy conversion efficiency, which is a 48 ratio of electrical output power and hydrodynamic input power.
10-11

49
Non-Newtonian multiphase microsystem has become a subject of intense research, and it is of 50 paramount importance to understand the relevant physical phenomena, one of which involves the 51 deformation of liquid threads and subsequently droplet formation. The performance of the 52 droplets is intimately tied to the ability to control droplet size, which has a strong impact on the 53 droplet stability as well as optical and mechanical properties. 12 For example, when the droplets 54 are used as a template to fabricate micro/nano particles for the drug delivery system, the shape 55 and size of emulsion droplets have significant impacts on the drug release kinetics.
13-
56
14 Monodisperse droplets with precisely controlled sizes can be used to deliver an accurate dosing 57 of contained payload such as drug, flavoring, or chemical reactants. 15 Therefore, monodispersity 58 and size tenability are highly desired for ensuring that the droplets exhibit constant, controlled 59 and predictable behaviors. 4, 12 However, the complex rheological properties of non-Newtonian 60 fluids challenge the versatility in droplet size control. For example, the stretching and/or thinning 61 of non-Newtonian liquid filaments will lead to the formation of "bead-on-string" patterns. viscous stress or the inertial force on the droplet will be large enough to overcome surface 77 tension. Droplets are generated after breakup of a jet at some distance downstream in this regime.
78
While the dynamics of droplet breakup has been systematically investigated in Newtonian normal stress difference between the centerline and the walls; three-dimensional (3D) particle 86 focusing can be achieved via a combination of inertial and elastic forces. 20 The elasticity of the 87 focusing fluid has been shown to facilitate formation of smaller droplets. 21 These examples attests
88
to the need for a comprehensive understanding of the role of elastic fluids with shear-rate-89 dependent viscosity in droplet formation using microfluidic systems. The microcapillary co-flow device has been widely used in emulsion generation. 23 A 3D
106 numerical model with the same design is established in the present investigation (see Fig.1a ). A
107
Newtonian fluid is injected in a cylindrical capillary as the dispersed phase at a constant average 108 velocity V DP . This inner fluid is surrounded by a non-Newtonian outer phase, which is injected 109 through the coaxial square capillary as the continuous phase at a constant average velocity V CP .
110
The cross section (perpendicular to the main flow direction) consists of a circle inside a square
111
(see inset of Fig.1a) . Thus, the continuous phase is flowing through a cross section between an 112 mm, which is long enough to ensure that the fluid flow can be fully developed. The governing 116 equations for incompressible two-phase fluids are,
121
(1 ) Newtonian/Newtonian fluids in T-shaped microchannel. 24 The rheological property of the non-
127
Newtonian continuous phase is modeled using Cross model, which has been widely applied in Fig.3a-b , respectively. At z=0.02 158 mm, the sharp peak in the middle represents the velocity profile of dispersed phase, which is 159 purged out of orifice with very small size, thus the velocity will be increased dramatically due to 
Experimental section
181
The Newtonian/shear-thinning two-phase co-flow is generated using a glass microcapillary 182 device reported earlier. 23 A glass slide was used as a substrate to support the capillary device, specified, the chemicals used in the study were supplied by Aladdin Reagents (Shanghai) Co.,
195
Ltd. In the present study, the dispersed phase was silicon oil, while the continuous phase was 2% where Re refers to Reynolds number. El is thus independent on the flow rate based on the 258 definition. In our experiments El=382, indicating the dominating role of elastic effect relative to 259 inertia effect. The physical properties of the fluids used in the investigation are shown in Table 1 . 
Results and discussion
276
The breakup dynamics and dripping-to-jetting transition in Newtonian/shear-thinning multiphase 277 microsystem are presented and discussed first, followed by discussion of elastic effect in droplet When the filament breaks at both ends before merging with one of the parent 298 droplets, the filament separates from both neighboring parent droplets and recoils into a satellite 299 droplet. 34 The number of satellite droplets and their relative sizes strongly depend on the viscosity 300 ratio of the dispersed phase to that of the continuous phase, and are also influenced by the initial 301 disturbance wavenumber, which is defined as 2a/, where a is the radius of filament and is the 302 wavelength. 35 At a small viscosity ratio, the slender center droplet undulates and pinches off at a 303 number of locations, generating a string of small satellite droplets. By contrast, when the 304 viscosity ratio is large, the internal flow leading to breakup is attenuated, resulting in the 305 formation of fewer satellite droplets. As the wave number increases, the ratio of radius of 306 satellite droplets in different birth regions relative to radius of parent droplet also increases. the viscosity of the shear-thinning continuous phase decreases, when subjected to high shear rate.
333
As a result, a lower viscous stress is exerted on the dispersed phase; the liquid thread is therefore Fig.6b . Inertia is necessary to induce the formation of a satellite droplet, because 339 the droplet formation will be suppressed when the viscous force is dominant over inertia.
340
However, a very large inertial force will lead to formation of jetting and the liquid thread will 
358
The breakup time is one of the determining factors on the droplet production rate. It is thus of because it is the region where breakup occurs. We will therefore use the filament region, for 367 instance, z=0.87 mm, as the focal point to characterize the shear-rate-dependent viscosity profile.
368
Given the continuity of velocity at the interface and the small diameter of filament, the shear rate The expression suggests that a droplet with fixed size will be subject to larger shear rate when 377 the flow rate increases, and that a droplet with larger size will induce a higher shear rate at a 378 fixed flow rate, because the larger droplet will tend to disrupt and confine the flow of continuous because of no-slip at the wall and large velocity gradient in boundary layer adjacent to the wall.
385
The shear rate is reduced in the region far from the wall, and the minimum value of 3.87/s is 386 obtained at r=0.375 mm. 
393
For shear thinning fluids, the viscosity is inversely proportional to the shear rate; thus the viscous 394 effect will be attenuated near regions with high shear rate, facilitating the pinch off of the jet.
395
Consequently, the breakup process will be sped up so that a higher production rate of droplets 396 can be expected. To verify the hypothesis that shorter breakup time can be achieved when a 
433
Control of the droplet size is also an important aspect of droplet-based microfluidic applications.
434
For example, the volume of the droplet which contains reagents or analytes is one of the key 435 parameters that determine the efficiency and the overall throughput of the system. 37 Since non-
436
Newtonian fluids are ubiquitous in biochemical applications of microfluidics, it is also crucial to 437 control droplet size. To achieve smaller droplets, we vary the dimensions of the nozzles by 438 fitting a round capillary with radius R into the square capillary (see Fig.11 ). At a constant flow 439 rate of outer-phase and constant Capillary number, evaluated based on the apparent viscosity, the 
The thinning of fluid neck occurs when it is stretched and elongated at high Ca out . Thus, as the 462 radius of fluid neck decreases, the shear rate of the continuous phase (i.e., CMC in our case) 463 starts to decrease, and the viscosity of continuous phase will increase for a shear-thinning fluid.
464
As a result, the droplet size will start to be reduced beyond a critical Ca out , as shown in Fig.12 flow rate ratio increases before it transitions to the jetting regime (see Fig.13a-f ). The degree of 497 droplet deformation has been characterized based on Taylor's analysis,
where L is the half-length and W the half-breadth of the droplet. 
